PDBsum is a web-based database providing a largely pictorial summary of the key information on each macromolecular structure deposited at the Protein Data Bank (PDB). It includes images of the structure, annotated plots of each protein chain's secondary structure, detailed structural analyses generated by the PROMOTIF program, summary PROCHECK results and schematic diagrams of protein-ligand and protein-DNA interactions. RasMol scripts highlight key aspects of the structure, such as the protein's domains, PROSITE patterns and proteinligand interactions, for interactive viewing in 3D. Numerous links take the user to related sites. PDBsum is updated whenever any new structures are released by the PDB and is freely accessible via http://www.biochem.ucl.ac.uk/bsm/pdbsum.
INTRODUCTION
To date, the 3D structures of over 13 000 biological macromolecules have been determined experimentally, principally by X-ray crystallography and NMR spectroscopy. The majority of these are protein structures, including protein-DNA and protein-ligand complexes. Together with sequence, physicochemical and functional annotations they provide a wealth of information crucial for the understanding of biological processes.
Each new structure is deposited in the Protein Data Bank (PDB) (1) , which is currently run by the Research Collaboratory in Structural Biology (RCSB) (2) . The structures can be downloaded from the RCSB's PDB web server, which also provides additional information about each one. Further information, some of it focusing on specific types of molecules or specific aspects of the molecules, can be obtained from a large number of other structural databases (3) on the Web. One such database is PDBsum, which is the subject of this paper.
DESCRIPTION
The PDBsum database at http://www.biochem.ucl.ac.uk/bsm/ pdbsum was created in 1995 (4). Its aim was to provide an ata-glance summary of the molecules contained in each PDB entry (i.e. protein and DNA/RNA chains, small-molecule ligands, metal ions and waters), together with annotations and analyses of their key structural features. Thus, for each PDB entry there is a corresponding summary web page in PDBsum, accessible by the four-character PDB identifier.
The original PDBsum paper (4) described the basic contents of each entry, namely a block of 'header' information, relating to the entry as a whole, followed by a list of the molecules making up the structure, together with any relevant structural analyses of each. The header details start with a thumbnail image of the molecule(s) in question plus buttons for viewing the whole structure in 3D using RasMol (5) or VRML (Virtual Reality Modelling Language). These are followed by information extracted directly from the header records of the PDB file, summary PROCHECK (6) analyses (including a Ramachandran plot) giving an indication of the stereochemical 'quality' of all the protein chains in the structure, and links to related databases. In the list of molecules that follows, each protein chain is shown schematically by a 'wiring diagram' depicting its secondary structural motifs, primary sequence, structural domains and highlighting active site residues and residues that interact with ligands, metals or DNA/RNA molecules. The secondary structural motifs are computed by the PROMOTIF (7) program, whose detailed outputs are available via hyperlinks, while the domain definitions come from the CATH protein structural classification database (8, 9) . For each ligand molecule a LIGPLOT (10) diagram gives a schematic depiction of the hydrogen bonds and non-bonded interactions between it and the residues of the protein with which it interacts.
In the time since the original paper was published, a number of new analyses, links and functions have been added, and these are described in the remainder of this paper.
NEW FEATURES
The first of the additions relates only to protein-DNA and DNA-ligand complexes. The interactions between the DNA chains and any other molecules in the complex are shown schematically in a diagram generated by the NUCPLOT (11) program. Like the LIGPLOT diagrams of protein-ligand interactions, the NUCPLOT diagrams show all the hydrogen bonds and non-bonded interactions between the molecules, as calculated by HBPLUS (12) . The diagrams are output in PostScript format (see, for example, the PDBsum entry for PDB code 2OR1).
Next, each protein chain now has a direct link to the SAS (Sequence Annotated by Structure) (13) database. Clicking on the link initiates a FASTA search that scans the given chain's sequence of amino acid residues against a database of all sequences in the PDB. The net result is a list of all other chains in the PDB that are similar at the sequence level to the one of interest. The SAS database provides a variety of different Also new is the identification of any PROSITE (14) patterns present in each protein chain. These are patterns of residues that are found in regions that are highly conserved across all members of a given protein family and consequently characterise both the family itself and the biologically significant sites in its member proteins. In PDBsum the matching residues are coloured according to their conservation (and hence importance): from red for highly conserved, to blue for highly variable. Not all matching PROSITE patterns are shown; only those that appear to be true positives are included (15) . The residues matching the PROSITE pattern can be viewed in RasMol to see where they lie in relation to the rest of the protein structure. A RasMol script renders the residues as thick sticks, coloured as on the PDBsum page, while showing the rest of the protein as a white backbone trace and any nearby ligands in spacefill. This often gives a clear indication of the structural and functional significance of the PROSITE pattern residues. See, for example, the entry for 1AAW, an aspartate aminotransferase, which contains the PROSITE pattern AA_TRANSFER_CLASS_1 corresponding to the Class 1 aminotransferases.
The RasMol scripts that display the PROSITE residues are generated on the fly by a program called RomLas (the name being a carefully chosen anagram of RasMol). The program is used throughout PDBsum to generate RasMol scripts for highlighting specific structural features. For example, below each LIGPLOT diagram there is a button for generating a RasMol script that displays the given ligand in the 3D context of the protein residues with which it interacts; the ligand is shown in thick sticks, while the protein residues are shown in wireframe and are labelled with the residue name and number.
Other new features include a simple text search facility on the home page and full listings of all the ligands and hetero groups found in the database. Links to a number of useful new databases have been added.
